Three Azospirillum brasilense mutants constitutive for nitrogen fixation (Nif C ) in the presence of NH 4 and deficient in nitrate-dependent growth were used as tools to define the roles of the glnB and ntrYX genes in this organism. Mutant HM14 was complemented for nitratedependent growth and NH 4 regulation of nitrogenase by plasmid pL46 which contains the ntrYX genes of A. brasilense. Mutant HM26 was restored for NH 4 regulation and nitrate-dependent growth by plasmid pJC1, carrying the A. brasilense glnB gene expressed from a constitutive promoter. Mutant HM053, on the other hand, was not complemented for NH 4 regulation of nitrogenase and nitrate-dependent growth by both plasmids pJCI and pL46. The levels and control of glutamine synthetase activity of all mutants were not affected by both plasmids pL46 (ntrYX) and pJC1 (glnB). These results support the characterization of strains HM14 as an ntrYX mutant and strain HM26 as a glnB mutant and the involvement of ntrYX and glnB in the regulation of the general nitrogen metabolism in A. brasilense. ß
Introduction
The nitrogen regulatory pathway in Azospirillum brasilense is di¡erent from that in enteric bacteria, due to the presence of novel putative regulatory proteins including the Pz, NtrY and NtrX proteins that arguably participate in the regulation of cellular functions, including nitrogen ¢xation.
In enteric bacteria NtrC-P positively regulates the synthesis of NifA, which in turn activates the promoters of the other nif genes. NifL inhibits NifA activity in response to high oxygen levels or ammonium. This is not the case in A. brasilense where no NifL protein has been detected; rather NifA activity is inhibited by ammonium through its N-terminal domain or by oxygen through a cysteine motif within the central domain and C-terminal linker sequence [1] . The PII protein, product of the glnB gene, is required for NifA activity. The PII paralogue GlnZ, however, cannot substitute for PII in this activity, whereas GlnK, the PII paralogue in enterics, can activate NifA by involvement in dissociating the NifA^NifL complex in the absence of ammonium [2, 3] . In enterics PII or GlnK can activate glnA expression via control of NtrC phosphorylation by NtrB, and control the level of glutamine synthetase (GS) adenylylation via ATase [4, 5] . In A. brasilense, on the other hand, the expression of glnA is independent of the NtrC protein, and neither PII nor Pz controls adenylylation of GS in response to the N status [6] . A third di¡erence is that nifA expression in A. brasilense is not regulated by NtrC [7, 8] .
The roles of PII and Pz in A. brasilense have not yet been de¢ned in detail. PII is essential for NifA activity, it may be involved in nitrate-dependent growth and also negatively regulates glnZ expression [6, 9] . The Pz protein, on the other hand, negatively modulates ammonium uptake [9] . GlnB and GlnZ mutants grow normally on ¢xed nitrogen sources, whereas a double mutant grows very slowly, suggesting that these proteins can substitute for each other in their overall e¡ect on cell growth [9] .
Spontaneous mutants of A. brasilense strain FP2 resistant to ethylenediamine were previously isolated and partially characterized [10] . Three of these mutants, HM14, HM26 and HM053, were found to ¢x nitrogen constitutively in the presence of high NH 4 concentrations and to excrete NH 4 derived from nitrogen ¢xation [10] . Di¡erent patterns of GS transferase activities and adenylylation were observed, which allowed their distribution into three classes: the ¢rst includes strain HM053, which showed low levels of constitutively adenylylated GS activity; the second, which includes strain HM14, had low levels of normally regulated GS activity; in the third class, strain HM26 showed wild-type levels of constitutively adenylylated GS activity [10] .
In this work we further characterized the A. brasilense mutants HM14, as an ntrYX mutant, and HM26 as affected in glnB, following genetic complementation for nitrate-dependent growth and restoration of ammonium regulation of nitrogenase expression, and de¢ne potential roles for the glnB and ntrYX in the nitrogen metabolism of A. brasilense.
Materials and methods

Bacteria and plasmids
The bacterial strains and plasmids used in this work are listed in Table 1 .
Media and growth conditions
A. brasilense strains were grown in NFbHP medium containing di¡erent NH 4 Cl concentrations or glutamate (5 mM) as sole N sources at 30³C [10] . Nitrate-dependent growth was determined on solid NFbHP medium containing 10 mM KNO 3 for 24^48 h at 30³C. Escherichia coli was grown in LB or LA medium [13] at 37³C. Antibiotics were added to growth media as required.
Bacterial conjugation
Conjugation between E. coli donor strains and A. brasilense strains was performed at 30³C for 18 h [11] . Transconjugants were isolated on NFbHP medium containing 20 mM NH 4 Cl and the antibiotics streptomycin (100 Wg ml 31 ), nalidixic acid (10 Wg ml 31 ), and tetracycline (10 Wg ml 31 ; plasmid marker).
Enzyme activities
Nitrogenase activity was determined by the acetylene reduction procedure [11] . Glutamine synthetase activity was determined in whole cells as described [10] . Protein was determined by the Lowry procedure [19] after digestion of the cells with 0.5 M NaOH. L-Galactosidase activities were assayed as described [20] .
Cloning, molecular biology methods and plasmid construction
Molecular microbiology techniques were according to Sambrook et al. [13] . Plasmid pJC1 contains the whole A. brasilense glnB gene with its promoter region in a 1.4-kb SacI/SmaI fragment from pAB441 [14] cloned into pLAFR3.18 [21] , in the same orientation as the lacZ promoter.
Results
Genetic complementation of A. brasilense and mutants for nitrate-dependent growth
All three mutants failed to grow on 10 mM KNO 3 or 0.5 mM NH 4 Cl [10] , but grew well on glutamate (data not shown). Plasmid pJC1 (A. brasilense glnB gene) complemented nitrate and low NH 4 -dependent growth of mutant HM26, but failed to complement strains HM14 and HM053 for this trait (Table 2) . On the other hand, plasmid pL46, which contains only the ntrYX genes of A. brasilense, was able to complement the HM14 mutant for nitrate and low NH 4 -dependent growth (Table 2) .
Restoration of ammonium regulation of nitrogenase activity in A. brasilense mutants
The A. brasilense Nif C mutants, but not the wild-type strain FP2, expressed nitrogenase activity in the presence of high NH 4 Cl concentrations (10^20 mM) [10] as we likewise report here. Nitrogenase activity of mutants HM14, HM26 and HM053 decreased with increasing NH 4 concentrations, suggesting only partial release from regulatory control, as reported previously [10] . Plasmid pJC1, however, complemented HM26 for ammonium control/regulation of nitrogenase activity, but inhibited (75%) acetylene reduction activity of HM053, without restoring regulation by NH 4 (Table 3 ). Plasmid pL46 restored the NH 4 regulation of nitrogenase activity of mutant HM14 (Table 3) . Plasmids expressing nifA of A. brasilense (pML3A) or of Klebsiella pneumoniae (pCK3) constitutively did not a¡ect this phenotype nor the level of nitrogenase of all three mutants (data not shown).
Glutamine synthetase control and expression in
A. brasilense mutants
The GS-GOGAT pathway is involved in NH 4 assimilation during diazotrophic growth of A. brasilense [22] . The glnB gene carried by plasmid pJC1 and the ntrYX genes of pL46 both failed to restore the control and expression of GS in all three A. brasilense mutants (Table 4) .
Expression of glnA and glnB in the mutant strains
The expression of the glnA and glnB promoters in these mutants was determined using plasmids pAB904 and pAB912 which carry a glnB: :lacZ and a glnA: :lacZ fusion, respectively. Expression of the glnB promoter was reduced two-fold by high ammonium concentration in the wild-type strain FP2. Transconjugants of all the mutant strains carrying the glnB: :lacZ fusion showed very high levels (three to four times the wild-type level) of Lgalactosidase activity in the absence of ammonium ; and three to nine times in the presence of ammonium ions ( Table 5 ). The data suggest that the expression of the glnB promoter in all these mutants lacks regulation and is consistent with the presence of an altered nitrogen sensing system in the mutant strains.
The glnA promoter activity increased seven-to eightfold in the presence of 20 mM ammonium in the wildtype strain as previously observed by de Zamaroczy et al. [6] . The HM mutant strains behaved similarly ( Table  5 ), suggesting that glnA expression is positively regulated by NH 4 as in the wild-type strain.
E¡ect of K. pneumoniae glnAntrBC genes
Plasmid pGE10 containing the glnAntrBC operon from K. pneumoniae or pGE50 (KpglnAntrBntrC : :Tn5), containing a mutated ntrC gene, failed to complement all three HM mutants for NH
Discussion
Three A. brasilense mutants, HM14, HM26 and HM053 [10] , constitutive for nitrogen ¢xation in the presence of ammonium, add to the several Nif C mutants of bacteria that have been reported [23^28]. The decreasing nitrogenase activity in the present mutants with increased ammonium levels indicates that the mutants were a¡ected in either regulation of nitrogenase expression by ammonium or the ability to switch o¡ nitrogenase activity or both. It is highly probable that the regulation of nitrogenase synthesis and activity are linked [29] . The nifA gene must be expressed and its product active in these mutants since they ¢x nitrogen and the introduction of plasmids expressing nifA constitutively did not a¡ect the phenotype. Active 
+, positive growth; d, de¢cient growth. NifA is required for the expression of nif genes in A. brasilense [11] and the NifA activity is inhibited in A. brasilense by ammonium ions. This inhibition was assumed to be prevented by positive interaction of NifA with GlnB (PII-UMP) in the absence of ammonium ions [1] . In the present mutants PII activity is probably modi¢ed to enable it to interact positively with NifA even in the presence of ammonium. Furthermore, these mutants cannot be glnB null mutants since glnB mutants of A. brasilense are Nif 3 [6] . In an attempt to determine the genetic defect of these A. brasilense mutants, we introduced plasmids carrying nitrogen metabolism regulatory genes. Strain HM14 was complemented for nitrate growth and NH 4 -regulation of nitrogenase by the A. brasilense ntrYX operon, strain HM26 by the glnB gene expressed from the lacZ promoter and strain HM053 was not complemented Values are the mean of at least three independent experiments and standard deviations are in parentheses. Values are the mean of at least three independent experiments and standard deviations are in parentheses. a GS transferase activities were measured as Wmol Q-glutamylhydroxamate min 31 mg protein 31 .
but had very low levels of non-regulated nitrogenase levels when plasmid pJC1 (glnB) was introduced. These results de¢ne three di¡erent primary mutations in these mutants which is in agreement with a previous classi¢cation based on physiological data [10] . The glnB promoter carried by plasmid pAB904 was NH 4 -regulated in the wild-type, but was non-regulated and over-expressed in all three mutants, suggesting that the mutants have a high intracellular content of PII irrespective of the presence of NH 4 (Table 5 ). High levels of PII, produced by such NH 4 -independent regulation, might prevent ammonium inhibition of NifA activity, analogous to high levels of GlnK preventing NifL inhibition of nif gene expression in K. pneumoniae [30] . However, restoration of ammonium regulation of nitrogenase and nitrate growth by the A. brasilense glnB gene expressed constitutively (pJC1) in mutant HM26 suggests that this strain contained an altered glnB gene that was capable of activating the NifA protein regardless of the presence of ammonium. NH 4 -dependent regulation of nitrogen ¢xation was restored in mutant HM14 by the A. brasilense ntrYX genes whose products may play a role in the regulation of PII synthesis in A. brasilense. Mutations in the glnB gene caused various Nif phenotypes in a number of organisms. Mutations in Rhodobacter capsulatus glnB caused nif derepression in the presence of ammonium [26] , whereas deletion of the glnB gene in Rhodospirillum rubrum caused a Nif 3 phenotype, and a Y51F mutation in glnB decreased nitrogenase activity to 15% of that of the wild-type [29] . Double mutation in glnBglnK of Rhodobacter sphaeroides was constitutive for nitrogen ¢xation in the presence of ammonium (Nif C ) [28] . A double glnBglnK mutant of Azorhizobium caulinodans also expressed nitrogenase activity in the presence of ammonium. This mutant grew slowly and had a highly adenylylated GS [31] .
The glnA gene in A. brasilense is mainly expressed from the glnB promoter (glnBp) under N limitation and from the glnA (glnAp) under N excess [6] . The results obtained when native glnAp-lacZ fusion was introduced into the mutant strains suggested normal regulation of glnAp activity (Table 5) . Since glnBp in all mutants is non-regulated, a high total GS level would be expected irrespective of the ammonium levels. This did correlate with the GS activity measurements. Mutants HM14 and HM053 showed low levels of total GS under all conditions and mutant HM26 had an almost normal level of total GS but its expression was regulated by ammonium as the wild-type. Mutant HM26 seems a¡ected in the glnB gene, thus it is conceivable this mutation a¡ected GS expression from the chromosome. This is not the case with mutant HM14 whose GS phenotype is not complemented by plasmid pL46, raising the question of a second level of glnA regulation such as post-transcriptional or post-translational regulation of GS expression. The high level of PII expression may explain the high constitutive level of GS adenylylation in mutants HM26 and HM053. Excess PII would complex to the adenylyl transferase resulting in the permanent adenylylation of GS, both in the presence and in the absence of NH 4 . Gautier and Elmerich [23] reported two glnA mutants of A. brasilense, one of which was Nif 3 and the other Nif constitutive. The Nif C mutant had a high level of glnB expression in the presence of NH 4 [6] . Both phenotypes were, however, corrected by K. pneumoniae glnA [14] . Mutations in glnA of R. sphaeroides also produced a Nif C phenotype [27] . The present mutants, however, were not corrected by K. pneumoniae glnA, indicating that they are not glnA mutants. Moreover, the de¢ciency in GS activity was phenotypically distinct in all three mutants suggesting di¡erent primary mutations. Although all three mutants have di¡erent GS phenotypes, they have common secondary phenotypes of nitrate-de¢-cient growth, constitutive nif gene expression and lack of glnB regulation, which are corrected by di¡erent genes.
We conclude that the HM mutants analyzed here are mutated in genes which pleiotropically a¡ect the N metabolism in A. brasilense. Mutant HM26 is a¡ected in glnB, HM14 is a¡ected in both ntrYX genes and glnB expression and mutant HM053 could not be complemented by either genes or other known nitrogen regulatory genes, indicating the presence of a non-identi¢ed regulatory gene in A. brasilense. Complementation by ntrYX for nitrate-dependent growth suggests that in A. brasilense the NtrYX pair is interchangeable with the NtrBC pair with respect to this trait. Furthermore, the data indicate a probable role of ntrYX gene products in regulating glnB expression or activity. Values are the mean of at least three independent experiments and standard deviations are in parentheses.
